DEAD-box helicase 4 (DDX4, also known as vasa) is essential for the proper formation and 21 maintenance of germ cells. Although DDX4 is conserved in a variety of vertebrates and 22 invertebrates, its roles differ between species. This study investigated the function of DDX4 in 23 chicken embryos by knocking down its expression using retroviral vectors that encoded 24 DDX4-targeting microRNAs. DDX4 was effectively depleted in vitro and in vivo via this 25 approach. Male and female gonads of DDX4-knockdown embryos contained a decreased 26 number of primordial germ cells, indicating that DDX4 is essential to maintain a normal level of 27 these cells in chicken embryos of both sexes. DMRT1 and SOX9, which are involved in testis 28 determination and differentiation, were expressed as normal in male gonads of 29 DDX4-knockdown embryos. By contrast, expression of CYP19A1, which encodes aromatase 30 and is essential for ovary development, was significantly decreased in female gonads of 31 DDX4-knockdown embryos. Expression of FOXL2, which plays an important role in ovary 32 differentiation, was also slightly reduced, but this was not statistically significant. FOXL2 was 33 previously hypothesized to regulate aromatase expression based on several pieces of evidence.
Introduction

37
DEAD-box helicase 4 (DDX4, also called vasa) is a member of the DEAD-box protein family, 38 which is important for the proper formation of germ cells. The roles of DDX4 are reported to 39 differ between species. Expression of DDX4 has been depleted in Drosophila melanogaster 40 (Styhler et al, 1998) , Caenorhabditis elegans (Roussell and Bennett, 1993; Gruidl et al, 1996;  41 Kawasaki ei al, 1998; Kuznicki et al, 2000; Spike et al, 2008) , mice (Tanaka et al, 2000) , and Real-Time PCR System (Thermo Fisher Scientific). To ensure the amplification efficiency was 128 maximal in all reactions, the amplicon size was restricted to 90-101 bp. Reactions were 129 performed in triplicate using 96-well plates in a reaction volume of 10 μl. Data were analyzed 130 using the ΔΔ Ct method, and the mRNA level of each target gene was normalized against that of 131 beta-actin (ACTB). The primers used to quantify DDX4 expression are listed in Table 1 , while 132 those used to measure the expression levels of other genes were previously described (Nakata et 133 al, 2013).
135
Immunohistochemistry
136
Urogenital tissues of chicken embryos were fixed in formalin for 1 h at room temperature.
137
Paraffin sections (10 μm thick) were cut along the dorsal-ventral axis and thaw-mounted onto 9 MAS-coated glass slides. The experimental conditions of immunohistochemistry were 139 described previously (Nakata et al, 2013) . The anti-DDX4 antibody was kindly provided by Dr. 
149
In situ hybridization 150 A fragment of DND microRNA-mediated repression inhibitor 1 (DND1, also known as CDH) 151 was amplified by RT-PCR using cDNA obtained from gonads at E8.5 as the template. The 152 primers are listed in Table 1 . RNA extraction and cDNA synthesis were performed as described 153 earlier. The PCR product of 568 bp was subcloned using a pGEM T-Easy vector system 154 (Promega). cDNA clones were labeled using Digoxigenin RNA Labeling Mix (Roche, Basel, 10 Switzerland) and T7 or SP6 RNA polymerase (MAXIscript™; Thermo Fisher Scientific).
156
Hybridization to serial frozen sections was performed as described previously (Nakata et al, 
166
DDX4-targeting miRNAs efficiently deplete DDX4
167
We first examined the efficiency of DDX4 KD using DDX4-targeting miRNAs in DF-1 cells.
168
These cells were infected with RCASB.DDX4_eGFP (Fig. 1a, b) , an RCAS vector expressing 169 DDX4 fused to eGFP, or with RCASA.miRNA.Sc followed by RCASB.DDX4_eGFP (Fig. 1c , 170 d) as controls. eGFP was observed in both cases. However, eGFP was not detected in DF-1 cells 171 infected with RCASA.miRNA.DDX4, which encoded two DDX4-targeting miRNAs, prior to RCASB.DDX4_eGFP (Fig. 1e, f ). In addition, DDX4 was detected by RT-PCR in DF-1 cells 173 infected with RCASB.DDX4_eGFP, but not in those infected with RCASA.miRNA.DDX4 174 prior to RCASB.DDX4_eGFP (Fig. 1g ).
175
We performed immunohistochemical staining of DDX4 in gonads of DDX4-KD embryos 176 at E8.5. DDX4 staining was reduced in female ( Fig. 2a-d ) and male ( Fig PGCs were detected by AP staining in female and male gonads of WT embryos at E8.5 188 ( Fig. 3a, b ). However, AP staining was not clearly observed in DDX4-KD embryos of either sex 12 ( Fig. 3c, d ). The DND1 in situ hybridization experiments yielded similar results ( Fig. 3e-h ).
190
The total number of PGCs was counted in serial sections subjected to AP staining (Fig. 191 3i) and DND1 in situ hybridization (Fig. 3j ). Based on AP staining and DND1 in situ 192 hybridization, the number of PGCs was decreased by 74% and 79% in DDX4-KD female 193 embryos, respectively, and by 61.4% and 62.2% in DDX4-KD male embryos, respectively. The 194 detection sensitivity of each method is different: the sensitivity of AP staining is relatively 195 higher than that of DND1 in situ hybridization. Although total number of PGCs detected by 196 AP-staining is larger than DND1 in situ hybridization, the reduction rate of number of PGCs is 197 almost same between both methods.
199
KD of DDX4 decreases CYP19A1 expression 200
We quantified expression of DMRT1, SOX9, FOXL2, and CYP19A1, which are involved in 201 gonadal differentiation, in gonads of WT and DDX4-KD embryos at E8.5 (Fig. 4) . In both WT 202 and DDX4-KD embryos, expression of DMRT1 and SOX9 was high in male gonads, but low in 203 female gonads ( Fig. 4) , consistent with previous reports (Smith et al, 1999a; 1999b) . Expression 204 of DMRT1 and SOX9 did not significantly differ between WT and DDX4-KD embryos.
205
Expression of FOXL2 and CYP19A1 was reported to be high in female embryonic gonads, 206 13 but extremely low in male embryonic gonads (Govoroun et al, 2004) . We confirmed this finding 207 in WT embryos. However, CYP19A1 expression in female gonads was significantly lower in 208 DDX4-KD embryos than in WT embryos (Fig. 4 ). Expression of FOXL2 was slightly lower in 209 female gonads of DDX4-KD embryos than in those of WT embryos, but this difference was not 210 statistically significant. . The current study demonstrated that 222 DDX4-targeting miRNAs effectively suppressed DDX4 expression in vitro and in vivo (Fig. 1,   223 14 2). The number of proliferative cells detected by EdU is significantly reduced in female gonads 224 of DDX4-KO chicken embryos at E10.5, indicating that germ cells form at an early 225 developmental stage and are subsequently lost (Taylor et al, 2017) . Our results confirmed this 226 previous finding and demonstrated that the number of PGCs was also reduced in male gonads of 227 DDX4-KD embryos (Fig. 3) . Therefore, DDX4 is also involved in the proliferation of PGCs in 228 males, suggesting it is important for both male and female fertility in chickens.
229
We investigated the expression levels of genes involved in gonadal differentiation and 230 development in DDX4-KD embryos (Fig. 4) . Expression of DMRT1 and SOX9, which are 231 markers of testis determination and differentiation, were quantified. DMRT1 is located on the Z 232 chromosome in birds, is a major avian male-determining factor, and begins to be expressed at 233 ~E3.5. Expression of DMRT1 is detected in the medulla of gonads and is higher in males than in 234 females. Upon high DMRT1 expression, SOX9 is continuously expressed for testis development 235 in male chicken embryos after E6.5. Expression of DMRT1 and SOX9 was higher in male 236 gonads than in female gonads of both DDX4-KD and WT embryos (Fig. 4 ). This suggests that 237 testis differentiation and development occurred as normal in male gonads with a decreased 238 number of PGCs.
239
By contrast, expression of CYP19A1 was significantly lower in female gonads of 240 15 DDX4-KD embryos than in those of WT embryos (Fig. 4) . Gonadal sex differentiation in female 241 birds is sensitive to the sex steroid hormone estradiol. This hormone is only detected in female 
254
Expression of FOXL2, another marker of ovary differentiation, was slightly lower in 255 female gonads of DDX4-KD embryos than in those of WT embryos; however, this difference 256 was not statistically significant (Fig. 4) . FOXL2 is an essential factor that is widely conserved in 257 16 vertebrates, including chickens (Loffler et al, 2003; Wang et al, 2007; Pisarska et al, 2011) . The 
